We examined and analyzed the removal characteristics of polymer layers which were formed during the reactive ion etching (RIE) of via holes with via etching stopped on an Al layer (VESA) structure under various ashing and stripping conditions. Double metalorganic polymer layers, with and without F, were formed at the bottom of the via hole while only a homogeneous single metalorganic polymer layer with F was observed at the sidewall. The photoresist layer was almost completely removed by oxygen-based plasma ashing, while the metalorganic polymer layers containing F formed during RIE process remained. Nonuniform metal gap filling due to the residual sidewall polymer caused increased resistance due to the formation of voids at via metal lines. An additional wet stripping process was required to completely remove the sidewall polymer and to realize uniform metal gap filling. Wet stripping efficiency increased as the ashing temperature was lowered. A non-hydroxylamine (non-HA) based stripper removed the RIE-induced polymer more effectively than a HA based stripper regardless of the photoresist used. This study reveals that it is necessary to reduce the hardening of the polymer layer by lowering the ashing temperatures and to use a non-HA based stripper to realize reliable metal gap filling at via holes.
Introduction
As the feature size of devices becomes smaller, the removal of polymers of the sidewall and bottom layers formed at via contact holes becomes a critical issue in the fabrication of semiconductor devices due to the significant increase in etching time which causes the increase in polymer formation. [1] [2] [3] Metal-filled via contact holes act as an electrical connection between the upper and lower metal layers through the inter-metal dielectric (IMD). The complete removal of polymers from the buried contacts, direct contacts and metal contacts which use Si as the lower electrode is not as critical as it is in the case of via contacts which use a metal as the lower electrode. A metal electrode generally causes a significant cleaning problem due to the formation of polymer-containing metallic elements. Generally, the polymers formed during etching of the IMD can be easily removed by the dry ashing and wet cleaning process. However, the removal of polymers formed during etching and over-etching of the lower metal layer requires a very precise cleaning process control. 6) The cleaning processes of polymers of the sidewall and bottom layers of the via hole formed during the reactive ion etching (RIE) were divided into three steps: (1) plasma dry ashing of the photoresist, (2) wet cleaning of residual photoresist and polymer residues and (3) in-situ Ar dry cleaning before upper metal deposition. The removal of the bottom polymer is, in general, more important in comparison to the removal of the sidewall polymer in terms of contact resistance.
2) After wet cleaning, the bottom residue is generally removed during in-situ Ar dry cleaning while some sidewall polymer remained even after in-situ Ar dry cleaning. Although the complete removal of the bottom residue is more critical, the complete removal of the sidewall polymer is desired to achieve better electrical characteristics of devices. This residual sidewall polymer significantly hinders metal deposition and reduces the metal gap-filling capability in via contact. Also, the polymers formed at via etching stopped on an Al layer (VESA) and at via etching stopped on a TiN layer (VEST) show different chemical characteristics.
Conventional removal of photoresist and RIE polymer residues is performed using a two-step cleaning process. First, the photoresist is ashed using an O 2 (or O 2 /N 2 ) plasma. Then, the photoresist and polymer residues are stripped using a hydroxylamine (HA) based chemical. 2, 5) However, the HA based wet strip process is reported not to completely remove the sidewall polymer formed in a via hole with a VESA structure.
2) Since, a non-HA based stripper showed improved polymer cleaning ability under the same conditions in comparison to that of the HA based stripper, the effect of a post RIE cleaning process using a non-HA based stripper was investigated under various conditions to optimize the post RIE residue removal process. This paper presents the characterization of the polymer formed at via holes with a VESA structure resulting from an RIE process and the post RIE residue removal.
Experimental
The lower metal layer consisted of Ti and TiN barrier/Al metal layer/capping TiN with the Al metal layer thickness of about 5,000
A. An Al metal layer contains Si and Cu of about 1 and 0.5 wt%, respectively. The thickness of Ti and TiN barrier layers was about 500
A and that of capping TiN was about 350
A. The lower metal layer was passivated with a silicon dioxide layer. IMD layers were deposited with tetraethylorthosilicate (TEOS) and hydrogen silsesquioxane (HSQ) layers with the thickness of about 1,000 and 3,800
A, respectively. Planarization was carried out after HSQ deposition. The uppermost IMD layer was deposited with TEOS and its thickness was about 3500
A. Via holes were formed by a RIE process using reactive gases mainly containing Ar, CHF 3 , CF 4 , N 2 and O 2 under the same processing conditions for the state-of-the-art DRAM process. A photolithography process was carried out with a 475 nm critical dimension using I-line photoresist. The process pressure and plasma power of RIE were about 110 mTorr and 600-900 W, respectively. After via hole A thickness using a buffered oxide etchant to enhance the ability of upper metal gap filling.
Photoresist ashing was carried out using two different gases, O 2 and O 2 /N 2 mixture gases to compare the characteristics of polymer removal during the subsequent wet cleaning process. The parameters of temperature, plasma power and gas flow rate for the O 2 only ashing process were 200 C, 700 W and 4,000 sccm, respectively. Also, the parameters of temperature, plasma power and pressure for the O 2 /N 2 mixture gas ashing process were 270 C, 1100 W and 1500 mTorr, respectively. The O 2 and N 2 gas flow rates were fixed at 4,000 and 200 sccm, respectively. The determined ashing rates for the above conditions were about 9,000 and 30,000
A/min respectively. HA based and non-HA based strippers were used for the subsequent wet cleaning process.
The surface morphology of the polymer before and after the cleaning process was observed using in-line scanning electron microscopy (SEM), vertical SEM and transmission electron microscopy (TEM). The chemical compositions and structures of the polymer were analyzed using energy dispersive spectroscopy (EDS). The electrical characteristics were measured after the device fabrication under the same process conditions for the state-of-the-art dynamic random access memory (DRAM) process. Figure 1 (a) shows a typical cross-sectional SEM image of a via hole after a standard RIE process. The etching induced damage at the sidewall and top of via holes was clearly observed. Figure 1 also shows the formation of incorporated polymer on the top of via holes due to the reaction between fluorocarbon etching gas and I-line photoresist. Figures 1(b) and 1(c) show the cross-sectional TEM images of a via hole taken for the same sample shown in Fig. 1(a) . TEM images showed that a very uniform RIE-induced polymer layer was formed at the bottom and sidewall of a via hole with the thickness above 200
Results and Discussion

Characterization of via contact polymer formed during RIE
A. In particular, the double layer polymer formation was observed at the bottom of the via hole while only a homogeneous single layer polymer was observed at the sidewall as shown in Fig. 1(c) .
The chemical characteristics of these polymer layers were analyzed using EDS. The Ga element shown in all spectra was from the ion source of the focused ion beam process for preparing the TEM sample. Also, the presence of Si and O atoms in all spectra originated from the inter metal dielectric layer. The sputtered dielectric layer was considered to react with etching gas and was incorporated in the formation of the polymer during the RIE process. Figures 2(a) and 2(b) show the EDS spectra taken at the upper and lower layers of a double interfacial polymer layer at the bottom of the via hole, respectively. Both polymer layers showed the presence of Al element and this was considered to be due to the sputtering of the lower Al metal layer during the RIE process. The sputtered Al element was considered to react with CF x etching gas and form the metal organic polymer. 2, 7, 8) Both polymer layers showed a similar chemical composition but the chemical composition of the upper layer showed no F incorporation while that of the lower layer showed a significant amount of F content. The silicon surface exposed to etching gas containing CF x was generally passivated with F containing polymer with the thickness of about 30
A. 9, 10) This study revealed that the Al surface was also passivated with polymer containing F. The S element Cross sectional TEM images of (b) a via hole and (c) a bottom interfacial layer.
shown in the bottom polymer layer was believed to be from the I-line photoresist containing [CHONS-]. The sidewall polymer also showed the fluorocarbon characteristic containing metal. The elements of Al and Ti are considered to be from the sputtered lower Al metal and TiN layers, respectively. The sidewall polymer also showed no S incorporation. Figures 3(a) and 3(b) show the cross-sectional SEM and TEM images of a via hole after oxygen plasma dry ashing, respectively. The photoresist layer was almost completely removed by oxygen plasma ashing while the polymer layer formed during RIE remained. However, the upper polymer layer at the bottom of a via hole was almost completely removed during oxygen plasma ashing as shown in Fig. 3(b) . This also indirectly indicated that the chemical characteristics of the upper and lower polymer layers at the bottom of the via hole were significantly different. This observation suggests that the metalorganic polymer containing F is very difficult to remove by oxygen-based plasma ashing and additional wet stripping is necessary to remove this metalorganic polymer residue completely. In general, RIE induced polymers containing F formed at contact holes in the front end process can be removed by oxygen-based plasma ashing.
Characteristics of via contact polymer after dry ashing of photoresist
11) However, RIE induced polymers containing F formed at via holes are very difficult to remove by oxygen-based plasma ashing and this is considered to be due to the strong chemical bonding of sputtered metal and F containing polymer and/or due to the formation of metal oxide such as AlO x .
7,8,12) Figure 4 shows the cross-sectional TEM image of a via hole after Ti and Al upper metal layer deposition. The Ti and Al metal layers were deposited after oxygen plasma ashing and Ar dry etching without any wet cleaning process. The bottom polymer layer was almost completely removed by Ar dry etching while the sidewall polymer remained. This is believed to be due to the anisotropic etching characteristics of Ar plasma. This residual sidewall polymer layer is considered to act as an inhibitor of the uniform Al metal layer deposition and to cause the formation of voids at the metal lines. Nonuniform metal gap filling due to the residual sidewall polymer generally caused the increase of the resistance by forming voids at via metal lines. 13, 14) For this reason, the wet stripping process is necessary to remove the sidewall polymer and to realize a uniform metal gap filling. In previous work it has been reported that polymer containing F, especially in a VESA structure, was water soluble and more readily removed during the wet stripping process. 15 ) Figure 5 shows the cross-sectional TEM image of a via contact with metal filling after the wet cleaning process. This figure clearly revealed that the removal of the sidewall polymer by the wet cleaning process significantly increased the metal gap filling capability.
Wet stripping of via contact polymer
The cleaning characteristics of HA and non-HA based strippers were investigated and compared. The standard ashing was carried out at 200 C before wet cleaning. Figures  6(a) and 6(b) show the TEM images of via contact after wet cleaning using HA and non-HA based strippers, respectively. The sidewall and bottom polymers were almost completely removed by the wet cleaning process. However, the bottom contact of the via hole showed a very different surface roughness. The sample cleaned using a non-HA based stripper showed much smoother bottom contact surface than that of the sample cleaned using a HA based stripper. This result indirectly indicates that the non-HA based stripper has a better cleaning efficiency of polymer residues. The conventional HA-based stripper generally removes organometallic compounds by the reaction of NH 2 OH and -O-M þn -C-which produces the product consisting of M nÀ1 +M nÀ2 . On the other hand, a non-HA based stripper is considered to remove the polymer residues by the reactants such as alkoxy, carbonyl, and hydroxyl radicals consisting of CH 3 , CH 2 , C, NH and OH. These reactant species are mutually miscible with the PR and polymer residues that are ionized and reduced by the ammonium in the solution. Therefore, a non-HA based stripper efficiently cleans the organometallic compound contaminated surface.
Figures 7(a) and 7(b) show the plane view SEM images of a via hole after wet cleaning using HA and non-HA based strippers, respectively. The photoresist ashing of these samples was carried out at 270 C before wet cleaning. The sample cleaned using a non-HA based stripper showed a very clean surface without any polymer residue. However, the polymer at the boundary of the via hole was still observed with the sample cleaned using a HA based stripper. This is believed to be due to the relatively high oxygen plasma ashing temperature which causes the hardening of the polymer layer.
16) The chemical structure of the polymer was probably altered through the thermal activation process during oxygen plasma ashing. using HA based and non-HA based strippers, respectively. Before the upper metal deposition, Ar dry cleaning was also carried out and a Ti layer was deposited between the upper and lower metal layers to improve the thermal stability. The sample cleaned using a HA based stripper showed a relatively rough interface while the sample cleaned using a non-HA based stripper showed a very smooth interface. Figure 8 also shows the formation of an interfacial layer between the metal layers. The EDS spectrum revealed that the chemical component of the interfacial layer was TiAl x as shown in Fig. 8(c) . The sample cleaned using a HA based stripper showed relatively thick interfacial layer formation with the thickness of about 100 A in comparison to that of the sample cleaned using a non-HA based stripper. Figure 9 shows the via contact resistance measured from the samples processed under different oxygen plasma ashing and wet cleaning conditions. The samples cleaned using a non-HA based stripper showed lower resistance than that of samples cleaned using a HA based stripper. This is considered to be due to the decreased interfacial roughness and relatively thinner interface thickness of the samples cleaned using a non-HA based stripper. Also, the samples cleaned using a non-HA based stripper showed a similar contact resistance regardless of the previous ashing temperature. However, the samples cleaned at lower ashing temperatures using a HA based stripper showed a relatively lower contact resistance than that of the samples cleaned at higher ashing temperature. This indicated that the non-HA based stripper was more effective to remove the metalorganic polymer layer than the HA based stripper. This study implies that it is necessary to reduce the hardening of the polymer layer by lowering the ashing temperatures and to use a non-HA based stripper in order to realize reliable metal gap filling at via holes.
Conclusions
We investigated the removal characteristics of RIEinduced polymers formed at via holes with a VESA structure during dry ashing, wet cleaning and Ar dry etching processes. Uniform RIE-induced metalorganic polymer layers were formed at the bottom and sidewall of the via hole with the thickness above 200
A due to the reaction of C and F species from the etching gas with Al and TiN layers. In particular, double metalorganic polymer layers, with and without F atom, were formed at the bottom of the via hole while only a homogeneous single metalorganic polymer layer was observed at the sidewall. The photoresist layer was almost completely removed by oxygen-based plasma ashing while the metalorganic polymer layers containing F formed during RIE remained. Nonuniform metal gap filling due to the residual sidewall polymer caused the increased resistance by forming the voids at via metal lines. A wet stripping process was necessary to remove the sidewall polymer completely and to realize uniform metal gap filling. A non-HA based stripper showed a better RIE-induced polymer cleaning capability in comparison to that of a HA based stripper. Also, the oxygen plasma ashing conditions, especially ashing temperature, significantly affected the subsequent wet chemical cleaning capability. The samples cleaned using a non-HA based stripper showed lower resistance than that of samples cleaned using a HA based stripper due to the decreased interfacial roughness and relatively thinner interface thickness. In summary, it is necessary to reduce the hardening of the polymer layer by lowering the ashing temperature and to use a non-HA based stripper in order to realize reliable metal gap filling at via holes.
